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Stratospheric aerosols praduced by the eruption of Mount Pinatubo in the Philippines (6 June, 1991)
had a detectable effect on NOAA AVHRR data. Following the eruption, a longitudinally homoge-
neous dust layer was observed between 20°N and 20°S. The largest optical thickness observed for
the dust layer was 0.4-0.6 at 0.5 pm. The amount of aerosols produced by Mount Pinatubo was two
to three times greater than that produced by El Chichon and the Stratospheric Aerosol and Gas
Experiment (SAGE) on-board the Earth Radiation Budget Experiment was not able to give quanti-
tative estimate of aerosol optical thickness because of saturation problem.

The monthly composite Normalized Difference Vegetation Index (NDVI) (generally bounded
between —0.1 and 0.6) has systematically decreased by approximately 0.15 two months after the
eruption. Such atmospheric effect has never been observed on composite product and is related to the
persistence and spatial extent of the aerosol layer causing the composite technique to fail. Therefore.
long term monitoring of vegetation using the NDVI necessitates correction of the effect of strato-
spheric aerosols.

In this paper we present an operational stratospheric aerosol correction scheme adopted by the
Laboratory for Terrestrial Physics, NASA/GSFC. The stratospheric aerosol distribution is assumed
to be only variable with latitude. Each 9 days the latitudinal distribution of the optical thickness is
computed by inverting radiances observed in AVHRR channel 1 (0.63 um) and channel 2 (0.83 pm)
over the Pacific Ocean. This radiance data set is used to check the validity of model used for
inversion by checking consistency of the optical thickness deduced from each channel as well as
optical thickness deduced from different scattering angles.

Using the optical thickness profile previously computed and radiative transfer code assuming
lambertian boundary condition, each pixel of channel | and 2 are corrected prior to computation of
NDVI. Comparison between corrected, not corrected, and years prior to Pinatubo eruption (1989,
1990) NDVI composite. shows the necessity and the accuracy of the operational correction scheme.

*Corresponding author: NASA/GSFC Code 923. Greenbelt, MD 20771, USA.
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1. INTRODUCTION

The importance of remote sensing to provide a quantitative estimate of Earth
resources and to monitor global change has been well demonstrated (Becker et
al., 1988; Gatlin et al., 1983; Justice et al., 1985). The global vegetation index
derived from the NOAA Advanced Very High Resolution Radiometer (AVHRR)
gave the first means for scientists to study large scale natural cycles of vegeta-
tion and carbon (Tucker et al., 1985, 1986). Research to clarify the limitations of
the AVHRR are in progress (Townshend & Justice, 1988, Kaufman et al., 1992;
Holben et al., 1992). For example, the importance of perturbations induced by
tropospheric aerosol particles has been clearly demonstrated and that subsequent
reduction through compositing is being understood (Kaufman et al., 1992; Tanré
et al., 1992). However, the effect of the presence of a large amount of aerosols
in the stratosphere on the NDVI has never been assessed.

On June 6, 1991 Mt. Pinatubo, in the Philippines, erupted. It injected approxi-
mately two to three times more SO, into the stratosphere than the El Chichon
eruption as estimated by SAGE (Mc Cormick & Veiga, 1992). Within a short
time, the application of NDVI data for operational drought monitoring as part of
the Food Early Warning System (FEWS) of the US Agency for International
Development showed unusually low values of the NDVI for areas where crops
were reported to be in good condition. Multidate compositing (Holben, 1986)
did not appear to reduce this effect.

This aerosol effect can be clearly understood from our experience in atmo-
spheric effects on satellite data. The stratospheric aerosol layer is composed
largely of small particles (0.5 um) located at 20 km high in the atmosphere and
therefore not attenuated by water vapor or molecular scattering. A sensitivity
analysis was performed using the 5S (Tanré et al., 1990) radiative transfer code
which enables the simulation of the signal observed by a satellite in the solar
spectrum. By considering a stratospheric aerosol model composed of small par-
ticles, the NDVI of a typical vegetation cover decreases from 0.5 to 0.4 when
the optical thickness at 0.5 pum increases from 0. to 0.5. This value of optical
thickness of 0.5 is in the range of expected values for stratospheric aerosols. The
simulated decrease in the NDVI was comparable to that observed by the FEWS
project.

In this paper we report an operational approach to correct NDVI for strato-
spheric aerosol effect using AVHRR data itself. A quantity proportional to the
stratospheric aerosol optical thickness at 0.65 pm and 0.85 pm is derived en-
abling us to compute transmission and intrinsic atmospheric reflectance correc-
tion terms. These correction terms are then applied to the single channel data
prior to computation of the NDVL
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2. DETERMINATION OF THE LATITUDINAL PROFILE OF
STRATOSPHERIC OPTICAL DEPTH.

It has been observed by Stowe (Stowe, 1992) that a few months after a volcanic
eruption, stratospheric winds produce a longitudinally homogeneous aerosol
layer. In order to account for this layer, we will have to determine the latitudinal
profile of these stratospheric aerosols. In this section, we will present the tech-
nique we use to determine this profile from AVHRR data. The technique used
involves identifying an area over the ocean where tropospheric aerosol influence
is low and therefore the stratospheric aerosol content can be derived using sta-
tistics. The area chosen is located in the Pacific Ocean and extends from 175°
West to 135° West and from 60° South to 60° North. Each day, one AVHRR
GAC orbit was processed, screened for clouds using CLAVR (Stowe et al.,
1991), calibrated and composited with 9 other orbits by selecting the minimum
value in channel 1. The composite technique enable us to better screen cloud as
well as short term tropospheric aerosol event. The way of compositing orbits
with no respect to the longitude of the ascending node is justified by the fact that
we are looking at longitudinally homogeneous and slowly varying optical depth.
It’s also possible after compositing to interpret physicaily the signal observed
because the NOAA satellite has a sun-synchronous orbit so that on a period of 9
days the only variation in geometrical condition is due to the precession of the
earth.

After compositing, stratospheric optical thicknesses can be computed in both
AVHRR channels by substracting the part of the signal due to Rayleigh and
background tropospheric aerosol scattering and inverting the remaining radiance
using a stratospheric aerosol model (King et al., 1984). The consistency of the
inversion can be checked for different view angles by looking at the signal
observed in both channels. Figure 1 compares for a view angle of 35° toward
back scattering, the signal observed in both channels after correction of a small
tropospheric background to King’s model computation for a optical thickness of
0.4 at 0.55 pm for different latitudes. The same comparison is showed on Figure
2 but for a view angle of 60°. The radiative transfer computation agrees with the
observation for two reasons: (a) the optical depth of 0.4 is obtained in both
channel at the same latitude for the two selected angles, (b) the match between
modeled and measured radiance is obtained at the same latitude for both angles.
It is then possible to confidently invert the observed radiance for each compos-
ite. Figure 3 shows the optical thickness inverted from the 9 days geometrical
composite before and after the stratospheric aerosol layer formation.

For additional quantitative validation we compare the deduced optical depth
to the values measured at Mauna Loa observatory during the 19911992 period.
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FIGURE 1 Comparison between Mt Pinatubo aerosol observed radiance and King’s stratospheric

aerosol model simulations for 8, = 35°

For each 9 nine days composite between 1989 and 1992, we compute an average
optical depth at 0.55 um for latitude between 19° North and 21° North. For each
month, we select the minimum value observed out of 4 composites. The period
1989-1990 is used to compute the “average” tropospheric background, present
in our data, but not observed at Mauna Loa because the observatory is located
on a mountain of Hawaii at 3000 m altitude. The minimum monthly optical
depth deduced from our process and corrected for 1989-1990 tropospheric back-
ground is compared for the 1991-1992 period to the values measured daily at
Mauna Loa at 0.5 um (Fig. 4). Before July, stratospheric aerosol background at
this latitude is around 0.02. Some variation can be seen in both data sets. The
variations of Mauna Loa optical depth measurements can be due to some resi-
ludals tropospheric aerosol. The variations of AVHRR retrieved optical depth is
due to an improper correction of the tropospheric aerosol or to noise in the
retrieval process.
The stratospheric aerosol produced by the June 1991 Mt. Pinatubo eruption
can been clearly seen in both data sets starting in July 1991, the decrease after
the maximum that occurs in August 1991 is also shown by both data sets and the
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FIGURE 2 Same as figure 1 for 6, = 60°

¢ folding time is of the order of a year and a half. There are differences between
the two that can be explained by the variability of the stratospheric aerosol
thickness during the period of one month or some unfiltered tropospheric events
or in homogeneity in the longitudinal distribution of the stratospheric aerosol.

Figure 5. shows the comparison between the wavelength exponent of the
aerosol deduced from the two channels of AVHRR (0.63 um and 0.87 pm) and
from the three wavelengths of the Mauna Loa data set (0.38 pum, 0.50 ym and
0.78 um). Both data sets shows a change in the wavelength exponent suggesting
an evolution of the size distribution of the stratospheric aerosol to bigger par-
ticles. The King’s model gives an exponent of —~0.75 that can be observed in
July and August 1991.

The data of Mauna Loa are very useful for comparison purposes but cannot
give the spatial distribution of the stratospheric aerosol. As shown by figure 6,
the largest concentration were located in the 10° South to 10° North zone and
the maximum value is double of the largest value observed at Mauna Loa.
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FIGURE 3 “Geometric” composite of the optical thickness in channel 1 of AVHRR before and
after the stratospheric aerosol layer formation. (See Colour Plate I at the back of the journal).

3. CORRECTION EQUATION FOR NDVI 30 DAY COMPOSITE

The AVHRR data used in this study was Global Area Coverage (GAC) data from
the NOAA-11 satellite. The NDVI is computed from AVHRR visible (0.63 pm)
and near infrared (0.87 um) preflight calibrated digital counts, DC, and DC,
according to Eq. (1)

NDVI = ooz~ DG 1
"~ DC, + DC, b
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FIGURE 4 Comparison between retrieved “stratospheric” optical thickness and measurements
taken at Manua Loa observatory

If we want to correct only for the perturbation caused by the stratospheric
aerosol, in order to be able to compare these data with historical data sets that
had no atmospheric correction, we can approximate the stratospheric aerosol
effect on each channel, by considering a lambertian ground + troposphere sys-
tem, by:

Dcperlurbed — DCstratosphere ((b) + T(HS)T(HV)DCcorrected (2)

where g, 1, and ¢ are the cosine of the solar zenith angle, the cosine of the
view angle and the azimuthal difference between the Sun and the sensor respec-
tively

DCSrosPhere o the stratospheric aerosol contribution.

T(w) is the transmission (upward for p,, downward for ) of the stratospheric
aerosol layer.

The stratospheric path radiance, DC*™“P"* i computed using King strato-
spheric aerosol model (King et al., 1984). For 17 view angles, 22 sun zenith
angles, 81 relative azimuth angles and 10 optical depths (ranging from 0.05 to
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FIGURE 5 Same as figure 4 for the wavelength exponent

0.5) a table that gives the path radiance in both channels was computed a
computer code using the Successive Order of Scattering, SOS, method (Deuzé et
al., 1989).

The transmission has been fitted in both channels using the following approxi-
mate formula:

T(p) = e~ @™ 3)

The accuracy of equation 3 is sufficient for the NDVI correction scheme as
shown by Figure 7a-b. For angles ranging from nadir to 70° and optical depth
ranging from 0.05 to 0.5 the approximation was compared to the “exact” com-
putation performed using the SOS method.

4. ERROR BUDGET

The error in the NDVI correction is different for different cover types. We
selected bare soil and evergreen forest as the two extreme cases. The solar zenith
angle is fixed to 45° as an average of the variation between summer and winter
and the viewing angle is set to nadir because the compositing process trends to
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FIGURE 6 Latitudinal “stratospheric” profile observed after Mt. Pinatubo eruption

reject off nadir pixels. The approximation of Eq. (2) to correct the stratospheric
effect is unavoidable, to properly correct the data one will have to take into
account the non-lambertianity of both atmosphere and surface. For the surface,
the directional properties are not available so far. The error made on NDVI can
be approximated by the study of Lee and Kaufman (1986), from their paper they
pointed out error up to 0.04 for turbid atmosphere, this refer to the net error on
NDVI due to non-lambertianity. In our case where we are only interested in
evaluating the NDVI at the top of the atmosphere, the error to be considered
should be lower, an error of (.02 NDVI unit in case of high optical depth (0.6)
and 0.01 for lower optical depth (0.3) is considered.

Two other sources have to be considered, the error due to incorrect optical
depth and the error done by using an improper aerosol model. Table I gives for
the two surfaces considered, the NDVTI at the top of the atmosphere for a 0.05
tropospheric aerosol optical depth and a tropical atmospheric profile, it gives
also the effect on NDVI of a high and average (0.6, 0.3) stratospheric aerosol
optical depth. Table II gives the error associated with an uncertainty of =0.05
optical depth. The error due to change in size distribution is also reported for an
optical depth of 0.3, by varying the wavelength exponent from the King et al
model values to 0. From this table, the rms error of the correction scheme can be
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TABLE II Error budget for Mt. Pinatubo aerosol correction

Case Error on NDVI Error on NDVI
T, = 0.6 T, = 0.3

Non Lambertianity *0.02 +0.01

Bare Soil At, = =0.0§ +0.001 +0.0015

Evergreen forest A1, = +0.05 +0.008 +0.009

Bare Soil Wav. Exp. = 0. - —0.041

Evergreen forest Wav. Exp. = 0. - 0.550

computed, it is of the order of 0.01 for optical depth of 0.3 and double for
optical depth of 0.6. The overall accuracy of the correction is then to correct
80% of the effect.

5. VALIDATION OF NDVI CORRECTION

A preliminary validation has been undertaken, comparing corrected NDVI with
the uncorrected for a sample area of 20 by 20 degrees over east Africa centered
on the equator. A nine days composite of the NDVI has been computed for
1989-1992 before and after the stratospheric aerosol layer formation. Figure 8
shows the histogram of NDVI before the effect is detectable. The distribution of
NDVI for 1991 is comparable to the one observed in 1989/1990 especially in the
higher range of NDVI [0.4-0.6]. Figure 9 gives the same distribution for a 9
days composite at the beginning of August. The uncorrected data of 1991 are
lower by 0.10-0.15 NDVI units than the 1989/1990 values, the corrected values
are falling exactly in the range of the previously observed values. The same
comparison is conducted in 1992, Figure 10, in that case the effect of strato-
spheric aerosol is lower, 0.05 NDVTI unit, and the corrected values fit better the
previous year for higher NDVI. The agreement between corrected and previous
year NDVT is not so good in the intermediate range of NDVI values [0.15-0.4].

TABLE [ Simulated NDVI

Case NDVI Simulated NDVI Simulated NDVI Simulated NDVI
{before Pinatubo) (after Pinatubo) (after Pinatubo)
top of the atmosphere TOA 15 =06 TOA 7, =03
Bare Soil 0.073 —0.043 —0.051 —0.048
p;, = 0.19,
p, = 022
Evergreen forest 0.846 0.600 0.493 0.547
0, = 0.02
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This is probably due to a change in NDVI values. As shown by Figure 8, only
the higher range and the lower range of NDVI is expected to be stable over the
year because it covers area where man activities is less important (Desert, Ev-
ergreen Forest).

6. CONCLUSION

Comprehensive validation of the correction is problematic in that it requires
both an independent assessment of stratospheric and tropospheric aerosols as
well as vegetation state. We are highly dependent on the quality of the aerosol
retrieval particularly with respect to the spatial and temporal coverage. However,
we are confident in the radiative transfer computation that have been made.
The effects of the Pinatubo eruption on the NDVI will need correction until
the magnitude of the effect becomes part of the background atmospheric noise in
the NDVI signal. Given the rate of decay we estimate this to be approximately
towards the begin of 1993. Clearly in the long term, the research community

0.25 1 1 1

020

0.15 7

0.10

0.05 2

| — |

000 I |

0 0.1 0.2 0.3 0.4

NDVI
FIGURE 8 Histogram of NDVI over Africa (10°S to 10°N) before Mt. Pinatubo aerosol effect.
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FIGURE 9 Comparison of histogram of corrected, uncorrected and previous year NDVI for 1991
after the eruption.

must move towards an operational and comprehensive atmospheric correction
including all aerosol effects (Vermote et al., 1993). Until this has been accom-
plished, we are obliged to apply corrections as presented here. The present study
must be seen in this context and has raised several issues relevant to the opera-
tional atmospheric correction planned for the EOS generation sensors.

The objective of this study was to develop a quick and effective correction
procedure that could be applied operationally to the AVHRR data for the gen-
eration of NDVI. Within the limits of our validation exercise this has been
achieved. However, a complete characterization of stratospheric aerosols is an
area for future research and is beyond the scope of this present activity. Two
“corrected” global vegetation index data set are or will be available soon, the 1°
X 1° FAZIR data set (Los et al., 1994) produced using GIMMS Pinatubo cor-
rected data set, and the 8 km NOAA GVI (Vermote & Kaufman, 1993).
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FIGURE 3 “Geometric” composite of the optical thickness in channel | of AVHRR before and
after the stratospheric aerosol layer formation. (See page 12).




